Dimethylsulfide (DMS), a dominant organic sulfur species in the surface ocean, may act as a signalling molecule and contribute to mutualistic interactions between bacteria and marine algae. These proposed functions depend on the DMS concentration in the vicinity of microorganisms. Here, we modelled the DMS enrichment at the surface of DMS-releasing marine algal cells as a function of DMS production rate, algal cell radius and turbulence. Our results show that the DMS concentration at the surface of unstressed phytoplankton with low DMS production rates can be enriched by <1 nM, whereas for mechanically stressed algae with high activities of the enzyme DMSP-lyase (a coccolithophore and a dinoflagellate) DMS cell surface enrichments can reach 10 nM, and could potentially reach μM levels in large cells. These DMS enrichments are much higher than the median DMS concentration in the surface ocean (1.9 nM), and thus may attract and support the growth of bacteria living in the phycosphere. The bacteria in turn may provide photoactive iron chelators (siderophores) that enhance algal iron uptake and provide algal growth factors such as auxins and vitamins. The present study highlights new insights on the extent and impact of microscale DMS enrichments at algal surfaces, thereby contributing to our understanding of the potential chemoattractant and mutualistic roles of DMS in marine microorganisms.
Introduction
The volatile molecule dimethylsulfide (DMS) contributes up to 80% of the global biogenic sulfur to the Earth's atmosphere, and is involved in the production of cloud condensation nuclei and climate cooling (Lana et al., 2011) . Apart from its climatic role, DMS has numerous physiological and ecological functions in marine food webs (Simó, 2004; Stefels et al., 2007; Stocker and Seymour, 2012) . DMS can provide a carbon, sulfur and energy source for the growth of bacteria (Schäfer et al., 2010; Hatton et al., 2012; Green and Hatton, 2014) and along with its precursor, dimethylsulfoniopropionate (DMSP), can serve as an antioxidant in phytoplankton (Sunda et al., 2002; Darroch et al., 2015) . It inhibits viral infection in the alga Emiliania huxleyi at high (millimolar) concentrations (Evans et al., 2006) , and can trigger search behavior (at 1 μM DMS) in copepods feeding on large algal cells and microzooplankton (Steinke et al., 2006) . Exogenous addition of high DMS concentrations protects algal cells from grazing, possibly due to a decrease in DMS cell-surface gradients (Wolfe et al., 1997; Seymour et al., 2010) . In addition DMS can drive chemotaxis in bacteria and protists (Seymour et al., 2010) , and may play a role in bacteria-algae mutualistic interactions (Amin et al., 2015) . DMS can also trigger tritrophic interactions among grazed phytoplankton, grazing zooplankton and zooplankton-consuming seabirds in marine food webs (Savoca and Nevitt, 2014; Savoca, 2018) .
DMS is produced via a complex set of biogeochemical interactions throughout food web (Simó, 2004; Archer, 2007) . It is primarily produced from the enzymatic cleavage of the osmolyte DMSP, which occurs at high intracellular concentrations (100-300 mM) in many marine algal species. Both heterotrophic bacteria and autotrophic marine algae enzymatically cleave DMSP to DMS and acrylate (Cantoni and Anderson, 1956; Curson et al., 2011) . It is frequently assumed that most DMS production arises from bacterial cleavage of dissolved DMSP (Curson et al., 2011) . However, several field studies (Scarratt et al., 2000; Vila-Costa et al., 2008; Levine et al., 2012; Asher et al., 2017) , and meta-analysis-based calculations (Galí and Simó, 2015) suggest that most DMS production arises from processes associated with particulate (i.e., cellular) DMSP, including enzymatic cleavage of cellular DMSP to DMS, which is particularly high in stressed or grazed algal cells (Wolfe et al., 1997; Sunda et al., 2002; Galí et al., 2013) . DMS can also be produced from the enzymatic reduction of dimethylsulfoxide (DMSO) in phytoplankton and bacteria (Fuse et al., 1997; Spiese et al., 2009; Reisch et al., 2011) . DMS production is balanced by losses that include reactions with reactive oxygen species (ROS), which may be a major source of cellular DMSO (Spiese et al., 2016) . The enzymatic oxidation of DMS to DMSO can also provide an important energy source for marine bacteria (Lidbury et al., 2016) . However, among marine bacteria only highly specialized methylotrophs have been shown to grow on DMS as a carbon source (Vila-Costa et al., 2006; del Valle et al., 2007 , del Valle et al., 2009 Hatton et al., 2012) .
The net difference in cellular production and removal rates of DMS gives rise to cell-surface DMS enrichments and concentration gradients in the vicinity of microorganisms, whose strength affects the signalling and mutualistic functions of DMS. Marine microorganisms often inhabit highly heterogeneous environments and the physicochemical conditions in the vicinity of microbes can be quite different from those in the bulk solution (Seymour et al., 2017) . Bacteria and organic substrates (e.g., carbohydrates), have been shown to be enriched in the region surrounding phytoplankton cells where transport is primarily controlled by molecular diffusion (the phycosphere) (Mitchell et al., 1985; Bowen et al., 1993; Blackburn et al., 1997; Breckels et al., 2010; Stocker and Seymour, 2012) . Likewise, DMS concentrations in the phycosphere may also be significantly higher than those in the surrounding bulk seawater depending on several factors including the net DMS production rate, the DMS diffusion rate, the presence and activity of DMS-producing or consuming microorganisms (surface-attached or free-living) within the phycosphere, the size and shape of the algal cell and the bulk seawater DMS concentration.
Once DMS is produced by phytoplankton, this small uncharged molecule diffuses rapidly across intracellular and outer cell membranes (Spiese et al., 2016) . This contrasts with DMSP, which is a zwitterion that cannot readily cross the membranes of healthy cells in the absence of specialized transporters or channels. Although the kinetics of DMS production and consumption in phytoplankton cultures and in the ocean have been intensively studied (Kiene and Service, 1991; Kiene and Linn, 2000; Stefels et al., 2007; Spiese et al., 2009; Spiese et al., 2016) , this information has never been analysed to compute steady-state enrichments of DMS at the surface of algal cells.
In the present study, we modelled DMS concentration enrichments at the surface of algal cells in the absence of grazers as a function of the cellular DMS production rate, algal cell radius, turbulence and in the presence of bacteria associated with the phycosphere. We evaluated the likelihood that cell surface DMS enrichments could influence the interactions of bacteria with phytoplankton. Algal and bacterial DMS production and consumption rates were compared and discussed with respect to the quantitative importance of DMS as an energy source for bacteria associated with the phycosphere. Our results provide new insights into ecological interactions that depend on the presence and magnitude of DMS concentration gradients near the surface of marine algal cells, such as microbial chemotaxis, cell-signalling and algalbacterial mutualistic interactions.
Methods

Theoretical considerations
Once DMS is produced inside the cell, the steady-state diffusive flux of DMS (J i ) across the different cell compartments and the phycosphere can be described by Fick's first law of diffusion (Gavis, 1976; Missner and Pohl, 2009 ). If we consider, for simplicity, a one-dimensional geometry with linear concentration profile (i.e., constant gradient):
where J i is the flux of DMS in mol DMS cm
), P i is the DMS permeability (cm s −1 ) and ΔDMS i is the DMS concentration difference of DMS (mol DMS per cm −3 ) over the thickness of each compartment (δ i in cm). Spiese et al. (2016) observed that for DMS its overall permeability and production flux in a small diatom (Thalassiosira pseudonana) were controlled by its permeability through the phycosphere.
Assuming that the DMS flux out of an algal cell is controlled by its permeability in the phycosphere, as observed by Spiese et al. (2016) , then
where P BL,ext is the DMS permeability in the external boundary layer surrounding the cell, D is the diffusion coefficient of DMS (1.19 × 10 −5 cm 2 s −1 at 20 C) (Saltzman et al., 1993 ) and δ ext is the thickness of the external boundary layer, which is a distance away from the cell surface equal to the cell radius in an unstirred solution (Wolf-Gladrow and Riebesell, 1997; Seymour et al., 2017) . In a nonstagnant fluid, δ ext is equal to cell radius only for algal cells smaller than the Batchelor scale (the scale below which turbulent diffusion cannot erode diffusive gradients), which varies between ≈ 32 and 180 μm over a typical range of ocean turbulence (KarpBoss et al., 1996; Wolf-Gladrow and Riebesell, 1997) . For cells larger than the Batchelor scale, shear due to turbulence can significantly reduce the thickness of the external boundary layer and enhance solute transport to or from the cell surface (see below). The reader is referred to Lazier and Mann (1989) for details on the derivation of Batchelor scale as a function of turbulence.
In an idealized diffusive layer around a spherical source, the concentration of the diffusing solute (e.g., DMS) changes radially according to the following expression, which is an analytical solution of Fick's second law of diffusion (Karp-Boss et al., 1996; WolfGladrow and Riebesell, 1997; Seymour et al., 2017) :
where r is the distance from the centre of the cell, a is the cell radius and C r is the solute concentration at a given radial distance from the centre of the cell. Boundary conditions are defined by the solute concentration at the cell surface (C a ) and 'infinitely far away' (C ∞ ); we assigned C ∞ to the background concentration in the well-mixed, bulk solution far from the cell surface. For a prescribed diffusive flux at the cell surface, J a , and owing to mass conservation, the DMS concentration profile described by Eq. 3 implies that
as shown in Supporting Information section 1. The difference in DMS concentration between the cell surface and that at a distance of one cell radius from the cell surface, ΔDMS BL , (Fig. 1) hereafter referred to the DMS cell surface enrichment, is obtained by replacing r by a + δ ext in Eq. 4. Equation 4 is equivalent to eq. 14 in Wilkinson and Buffle (2004) despite the different nomenclature and formulation (see Supporting Information section 1). The relationship between the DMS enrichment and the radial distance from the cell surface computed from Eqs. 3 and 4 is shown in Fig. 1 . In this study, the DMS fluxes and the corresponding cell surface enrichments are computed using C a and an operationally defined DMS concentration (C r ) at a fixed distance from the cell centre (i.e., r = 2a). The DMS enrichment over this distance represents a conservative estimate; if we had chosen an external boundary layer thickness greater than cell radius, then the DMS enrichment would have been greater than that reported here, since the DMS concentration perturbation around the cell generally extends well beyond a distance of r = 2a (Fig. 1) . The entire radial thickness surrounding an algal cell wherein the concentration of a solute (e.g., DMS) is controlled by Fick's laws is defined as the phycosphere in the present study. However, we did not use the phycosphere thickness to calculate DMS enrichments, but rather selected a thickness δ ext to capture the region wherein the steepest DMS gradient occurs and bacterial-algae interactions are likely maximized ( Fig. 1) . Furthermore, the choice of a thickness δ ext smaller than the thickness of the phycosphere was chosen so that flow was laminar (Reynolds number < 1 over the range in cell radii selected in this study) and its effect on DMS enrichments could be estimated with the empirical equations of Karp-Boss et al. 1996 (see below) . The thickness of the external boundary layer, δ ext , is related to the Sherwood number (Sh) or the significant flux enhancement at the molecular scale due to turbulent flow compared to molecular diffusion alone (see Supporting Information section 2 for the general equation of the Sh numbers) (Karp-Boss et al., 1996) :
At low Reynolds number (<1) and for stationary cells relative to the surrounding medium, the Sherwood number is a function of the Peclet number (Pe) or the relative importance of turbulence and molecular diffusion on mass transfer (Karp-Boss et al., 1996) :
for Pe < 0:01 ð6Þ
Sh ¼ 1:014 + 0:15 Pe ð Þ 1=2 for 0:01 < Pe < 100 ð7Þ
where Pe is function of the shear strain rate (E, s −1 ) and the cell radius (cm) (Karp-Boss et al. 1996) :
Note that Eq. 7 is a lower bound estimate of Karp-Boss et al. (1996) obtained by linear interpolation and the coefficient of Eq. 8 varies by up to 20% depending on the choice of a skewness factor characterizing the turbulence.
Three model cases of DMS production
We considered three model cases based on differences in observed cellular DMS production rates, and we tested the influence of three shear rates (E = 0.1, 1 and 10 s in the upper mixed layer of the ocean, but can reach up to 10 s −1 during storms and in very dynamic coastal marine environments (Kiorboe, 1993; Karp-Boss et al., 1996; Mann and Lazier, 1996) . The general modelling procedure involved computing the thickness of the external boundary layer as a function of flow regime and cell radius (with Eqs. 5-9) and then estimating the DMS cell surface enrichment based on Eq. 4 where r = a + δ ext . Theoretical cell radii from 2 to 500 μm were examined in the model, a range representative of many unicellular marine algae (Hitchcock, 1982; Lavoie et al., 2015) . Calculations were made as functions of the cell radius and shear rate for cells with a range of DMS production rates representative of algal species with different cellular DMSP concentrations and DMSP-lyase activities (Table 1 ). For all model cases, we computed the DMS cell surface enrichment for cell radii and shear rates corresponding to Re < 1 and Pe < 100 so that the set of Eqs. 6-8 remained applicable. To constrain the model, we calculated the DMS cell surface enrichment for a low DMS producer, a high DMS producer with and without nutrient limitation, and an algal species with an extremely high DMS release rate due to mechanical stress. In the first case (low DMS producer), we used the low DMS flux (2.8 × 10 −16 mol DMS cm
) measured for the algal species Isochrysis galbana (cell radius = 3.1 μm) grown in an axenic, nutrient replete batch culture (Table 1 ). The second model case (high DMS producer) was based on data from the coccolithophore Emiliania huxleyi (CCMP374, cell radius = 2.4 μm) grown in axenic N-replete and N-limited semi-continuous cultures (Sunda et al., 2007) . Under replete conditions, E. huxleyi had a threefold higher surface area normalized DMS production rate (8.6 × 10 −16 mol DMS cm −2 s −1
; Table 1 ) and a 4.8-fold higher biovolume normalized DMS production rate (13 nmol DMS
) compared to I. galbana. However, under N-limitation, E. huxleyi produced DMS at 14-fold and 22-fold higher rates than I. galbana on a cell surface area and cell volume basis respectively. Since the cell radius of E. huxeyi decreased by less than 10% under N-limitation (Sunda et al., 2007) , changes in cell size were ignored in the second model case. The third model case was for a larger dinoflagellate (Heterocapsa triquetra, cell radius = 7.7 μm) mechanically stressed by bubbling. Dinoflagellates are highly sensitive to mechanical stress and release DMS at higher rates in bubbled cultures (Wolfe et al., 2002) . Consequently, the production rate for a bubbled culture of H. triquetra was exceptionally large (3.4 × 10 −13 mol DMS
), three orders of magnitude higher than that for I. galbana.
We assumed that the DMS production flux normalized per unit of cell surface area in the three model cases was proportional to the cell radius when extrapolated to different theoretical cell sizes, which should occur if DMS is produced from the lysis of intracellular DMSP, and the DMS production rate per unit of cell volume is constant and independent of cell size (See Supporting Information section 3). In such a case, the production rate per unit of cell surface area would be equal to the production rate per unit of cell volume (mol/cm 3 ) divided by the surface to volume ratio (cm 2 /cm 3 ), and thus, would be proportional to the cell radius.
Intracellular production of DMS from DMSP lysis is suggested from several recent studies (Franklin et al., 2010; Mohapatra et al., 2013; Mohapatra et al., 2014; Alcolombri et al., 2015) . However, work by Stefels and Dijkhuizen (1996) suggests that DMSP-lyase is located on the cell surface in some algae, which would affect cell-size scaling of the DMS production flux. A cell surface lyase could translate to no increase in DMS production flux with increasing cell radius compared to the case of intracellular DMS production. This uncertainty was taken into account by repeating our calculations with a constant DMS production flux independent of cell size assuming that the sole source of DMS was through cell surface DMSP-lyase activity and that its activity per unit of cell surface was constant. The models were run using the R ver. 3.3.1 software from the R Development Core Team (2013). All R scripts as well as Fortran translations are available on GitHub (doi:10.5281/zenodo.1217450).
Model assumptions and limits
Our models made a number of simplifying assumptions. We neglected DMS photolysis as well as DMS and DMSP reactions with reactive oxygen species (ROS) in the external boundary layer, since experimental measurements of algal DMS production (Table 1) already included ROS-reaction losses, and photolysis was too slow to affect model outcomes (Supporting Information section 4). We also did not account for the effect of flagellar motility or cell sinking on the thickness of the external boundary layer (see Supporting Information section 5). In addition, we assumed that DMS concentrations in the external boundary layer reached steadystate, which should often occur because DMS crosses the external boundary layer in algal cells with radii of 2-500 μm in 0.8-210 s while typical algal doubling times are on the order of 1 day (see Supporting Information section 6). However, in some cases the steady-state assumption may not apply due to microscale heterogeneity, for instance, from rapid variations in physical stress or zooplankton grazing that can affect the DMS concentration gradient in the external boundary layer (Wolfe, 2000; Strom et al., 2003; Strom and Fredrickson, 2010) . Finally, the influence of other factors such as viral lysis, autolysis and grazing on algal DMS production kinetics were not considered because the quantitative effects of these processes are not sufficiently understood. The tabulated production flux was based on the measured net rate of increase in DMS concentration per cell or per cell biovolume, and was normalized to the cell surface area based on the reported volume per cell or cell radius and an assumed spherical cell geometry. Wolfe et al. (2002) Hitchcock (1982) . e Cell radius from Stefels and van Boekel (1993) .
Results and Discussion
Size scaling of DMS cell surface enrichment For cells at or below the Batchelor scale where turbulence had little or no effect on the external boundary layer thickness, DMS cell-surface enrichments increased with the square of the cell radius as depicted in Figs 2A and 3A. This is because the DMS cell surface enrichment is proportional to the production flux per unit of cell surface area (J a ) times the cell radius (a), which is equivalent to the thickness of the external boundary layer. As previously noted, the production flux is also proportional to the cell radius, assuming a constant intracellular DMSP concentration and DMS production rate per unit of cell volume (see Methods and Supporting Information section 3). The result is a cell surface enrichment that increases with the square of the cell radius (a 2 ), as depicted in Figs 2A and 3A, in which curve fragments (denoted a 2 ) and the modelled cell surface enrichment are parallel. For cases where the DMS production rate is proportional to the cell-surface activity of DMSP-lyase, the DMS production rate per unit of cell surface (J a ) is assumed to be constant and the cell-surface DMS enrichment will increase in direct proportion to the cell radius (a) as shown in Eq. 4 and Supporting Information Eq. S8 (ΔDMS BL scales with a 1 if J a is constant) and as depicted in Figs 2B and 3B.
DMS enrichment: role of turbulence
In our model, the effect of turbulence on the shear rate had considerably less effect on DMS cell surface enrichments than the effect of cell size. Shear rates between 0.1 and 10 s −1 decreased the cell surface DMS enrichment by more than 10% but only for algae with cell radii larger than about 10-40 μm; for most algal cells with radii < 10 μm, high shear rates (e.g., 10 s −1 ) had only a weak effect (< 10%) on the cell surface DMS enrichment. This size-related switch in the magnitude of cell surface area DMS enrichment occurred at a Batchelor scale below which molecular diffusion was the predominant transport mechanism in the external boundary layer, and above which fluctuating turbulent motions enhanced the diffusion rate (Karp-Boss et al., 1996) . For cell radii larger than the Batchelor scale, the calculated cell surface DMS enrichment decreased for a given cell radius as the shear rate increased and this effect increased with cell radius. Overall for the three cases investigated, increases in shear rate from 0.1 to 10 s −1 decreased the cell surface DMS enrichment by up to 2.5-fold for the largest cell radii (Figs 3 and 4) . Note however that our model analyses only considered the effect of turbulent stress in three model cases with different DMS production rates, but did not consider the potential for a systematic increase in cellular DMS production rates caused by increasing turbulence. This effect can be considerable in algae such as many dinoflagellates that are sensitive to mechanical stress (Wolfe et al. 2002) .
Comparisons of DMS cell surface enrichment among different species and cell sizes
For algae with a low DMS production rate (2.7 nmol DMS L cell −1 s −1 ; case 1) and theoretical cell radii ranging from 2 to 500 μm, the modelled cell surface DMS enrichment varied between 2 pM and 16 nM at three different shear . Panel B: model results for a constant DMS production flux per unit of cell surface area equal to that in E. huxleyi (Table 1) , representative of cells with membrane-bound DMSP lyase. Open and closed circles show values for N-replete or N-limited conditions respectively. The curve fragments, a 1 and a 2 , denote theoretical linear and squared relationships, respectively, between the DMS enrichment and cell radius. The median DMS concentration in the surface ocean is depicted with a dotted-dashed line and the shaded area shows the interquartile range. rates (Fig. 4) . The DMS enrichment calculated for the low DMS producer I. galbana was 2.0 pM for all three turbulence regimes (Fig. 4) . For the dinoflagellate G. nelsonii, a 2.2-fold higher DMS producer on a biovolume basis than I. galbana, but with a much larger cell radius (22 μm; Table 1), the calculated DMS cell surface enrichment reached 0.2-0.4 nM depending on turbulence (data not shown).
For the case 2 high-DMS producer (i.e., nutrientreplete E. huxleyi), the modelled cell surface DMS enrichment increased from 0.007 to 330 nM (at E = 0.1 s −1 ) as the cell radius increased from 2 to 500 μm, assuming an intracellular DMSP lyase ( Fig. 2A) , and from 0.007 to 1.3 nM assuming a cell-surface DMSP lyase (Fig. 2B) . By comparison, modelled cell surface DMS enrichments were around fivefold higher in the N-limited, high-DMS producer owing to the higher DMS production flux in N-limited E. huxleyi (Sunda et al., 2007; Fig. 2) . For mechanically stressed high DMS producers (case 3), the DMS cell surface enrichment was by far the highest of the three cases investigated, varying between 0.7 and 34000 nM depending on the cellular location of DMSP lyase, the cell radius and the effect of turbulence on the thickness of the external boundary layer. Based on DMS production flux measurements in bubbled cultures, the calculated cell surface DMS enrichment for H. triquetra (cell radius = 7.6 μm) was between 10.3 and 10.8 nM depending on the effect of turbulence on the external boundary layer thickness (Fig. 3A and B) , which is around fivefold higher than the median DMS concentration in surface ocean waters (1.9 nM; Lana et al., 2011) . Even for the coccolithophore E. huxleyi, which produces DMS at high rates upon mechanical stress (J DMS = 4.4 × 10 −13 mol DMS cm −2 s −1 , Table 1 ), a cell surface DMS enrichment of 5 nM is expected despite its small cell radius (2.8 μm). There is little literature data on cellular DMSP concentrations in large dinoflagellates such as Pyrocystis sp. (cell radius~130 μm, intracellular DMSP ≤10 mM) (Caruana and Malin, 2014) , and, to the best of our knowledge, no data on their DMS production Fig. 3 . Panel A: Calculated cell surface DMS enrichment (i.e., difference in DMS concentration between the cell surface and that at a distance of one cell radius from the cell surface) as a function of the cell radius (a) of a model spherical marine phytoplankton cell producing DMS at a high rate based on the DMS production flux measured in the DMSP lyase-containing dinoflagellate H. triquetra under a mechanical stress (case 3).
Simulations were repeated at three shear rates, 0.1, 1 and 10 s −1 (solid, dashed and dotted lines respectively). Panel B: model results for a constant DMS production flux per unit of cell surface area equal to that in H. triquetra, representative of cells with membrane-bound DMSP lyase. The surface DMS enrichment for H. triquetra at the lowest shear rate (E = 0.1 s −1 ) is shown by a full circle. The curve fragments, a 1 and a 2 , denote theoretical linear and squared relationships, respectively, between the DMS enrichment and cell radius. The median DMS concentration in the surface ocean is depicted with a dotted-dashed line and the shade area shows the interquartile range. Fig. 4 . Calculated cell surface DMS enrichment (i.e., difference in DMS concentration between the cell surface and that at a distance of one cell radius from the cell surface) as a function of the cell radius (a) of a model spherical marine algal cell producing DMS at a low rate based on the DMS production rate per unit of cell volume measured in the DMSP lyase-lacking prymnesiophyte, Isochrysis galbana (case 1). Simulations were repeated at three shear rates, 0.1, 1 and 10 s −1 corresponding to the solid, dashed and dotted lines respectively. The DMS enrichment at the cell surface of I. galbana at E = 0.1 s −1 is shown by the solid black circle. The curve fragment, a 2 , denotes the theoretical squared relationship between DMS enrichment and cell radius. The median DMS concentration in the surface ocean is depicted with a dotted-dashed line and the shaded area shows the interquartile range. rates. Our model calculations in Figs 2 and 3 predict that the DMS concentration at the cell surface of such large dinoflagellates could be enriched by orders of magnitude (up to 28 nM in Fig. 2 and up to 2800 nM in Fig. 3) .
Results shown in Figs 2-4 and in Table 2 , clearly show that significant DMS cell surface-enrichments can occur, especially in large DMS producing algal cells under mechanical or nutrient stress. Our calculations also predict that DMS enrichments are likely not significantly affected by bacteria attached to the algal cell wall or by unattached bacteria in the external boundary layer, although uncertainty exists on the concentrations of DMSP (and bacterial activity) at the algal cell surface (see Supporting Information sections 7-10). However, cell sinking and flagellar motility can decrease the thickness of the external boundary layer and thereby decrease the modelled DMS enrichments shown in Figs 2-4, particularly at the surface of colonies or large cells (Supporting Information section 5). Briefly, previous modelling studies predicted that algal motility would decrease the DMS cell surface enrichment by factors of less than twofold to over an order of magnitude depending on model assumptions, parametrization and motility mode and speed (Kiorboe, 1993; Karp-Boss et al., 1996; Bearon and Magar, 2010) . Sinking of small cells with radii of 5 μm will decrease the DMS cell surface enrichment by less than 1.5-fold, but for large cells or colonies (cell radius = 40-50 μm), the enrichment could decrease by 1.1-to 6.8-fold based on previous modelling studies with different model assumptions (Kiorboe, 1993; Karp-Boss et al., 1996) . However, the effects of motility and sinking should decrease as turbulence increases (Supporting Information section 5).
DMS cell surface enrichment and bulk solution DMS concentration
The median oceanic DMS concentration is 1.9 nM (iqr = [1.1-2.9]) in the gridded climatology of Lana et al. (2011) based on the global sea-surface DMS database. For small, unstressed low DMS producing algae, our model suggests that DMS concentrations at the cell surface are on the order of a few pM higher than the bulk seawater background (Fig. 4) . This low enrichment should have limited or no influence on the bacterial ecology in the external boundary layer or beyond in the entire phycosphere. However, for large algal cells as well as for mechanically stressed dinoflagellates, our model indicates that DMS cell-surface concentrations can be at least fivefold higher than background seawater DMS concentrations. In contrast, the DMS enrichment in the external boundary layer of free-living bacteria is likely only a few pM or less based on calculations presented in Supporting Information section 11 (Turner et al., 1988; Garcés et al., 2013) . Differences in DMS cell-surface enrichments among bacteria and phytoplankton are a necessary condition for a cell signalling role. Our calculations support the hypothesis that DMS can affect the microbial ecology of marine bacteria associated with the external boundary layer of these algal cells.
DMS and chemoattraction by bacteria, algae and protists
Studies have shown that Escherichia coli is attracted to concentrations of aspartate higher than~1 nM (Segall et al., 1986; Mesibov et al., 1993) ; E. coli can respond to and adapt its swimming speed and orientation in response to a slight increase of~2 nM or greater (Bray et al., 1998) . Binding of only one molecule of aspartate could significantly affect the swimming speed and orientation of E. coli (Segall et al., 1986) , suggesting that this bacterium can show chemotactic responses well within the length scale of the external boundary layer. Note however that bacterial accumulation in the external boundary layer should be favoured for larger cells because marine bacteria have a run length on the order of 15 μm, larger than most phytoplankton cells and their external boundary layer (Stocker and Seymour, 2012) . Our calculations indicate that the DMS cell surface concentration of the high DMS producer H. triquetra under mechanical stress is at least 10 nM, that is, at least fivefold higher than the median oceanic background concentration (Fig. 3) . If large diatoms produce DMS at volumespecific rates comparable to those of I. galbana and T. oceanica, which lack DMSP lyase activity, then these algae could also exhibit significant DMS enrichments, Table 2 . Summary of calculated DMS cell surface concentration enrichments, Peclet number (Pe), Sherwood number (Sh), the presence/ absence of a DMSP lyase calculated for small unstressed low DMS producers (e.g., T. oceanica, I. galbana) (case 1), the high DMS producer E. huxleyi CCMP 374 under N limitation (case 2) and bubbled high DMS producers (e.g., E. huxleyi CCMP 373 and Heterocapsa triquetra; case 3). especially when mechanically or nutrient stressed. Based on our model, the cell surface DMS enrichment of a mechanically stressed high DMS producing cell with a radius of 100 μm could reach a level of around 1 μM in the external boundary layer (Fig. 3) . Such quantitatively important enrichments in DMS concentrations near the cell surface of phytoplankton suggest that DMS may mediate important ecological functions among algal cells and bacteria or other microorganisms including chemoreception, chemotaxis and predator-prey interactions through an increase in the encounter radius (and encounter rate) between algal cells and grazers (Breckels et al., 2011) . DMS signalling between algae and other microorganisms has been demonstrated in the presence of micromolar DMS concentrations (Seymour et al., 2010) . These authors used a microfluidic system to demonstrate that addition of 2-20 μM DMS elicited a chemoattractant response in several microorganisms, including the chlorophyte Dunaliella tertiolecta (CCMP1320), the γ-proteobacterium Pseudoalteromonas haloplanktis (ATCC 700530), the heterotrophic dinoflagellate Oxyrrhis marina (ICM isolate) and the heterotrophic nanoflagellate Neobodo designis (CCAP1951/1). However, a DMS chemotactic response was not universal; the alpha-proteobacterium Silicibacter sp. (TM1040), the prasinophyte Micromonas pusilla (CCMP2709) and the motile cyanobacterium Synechococcus WH8102 showed no response to DMS additions (Seymour et al., 2010) . Unfortunately, Seymour et al. (2010) did not examine whether chemotactic responses were elicited at lower, nM levels. Using a lower and wider DMS concentration range (0.01-100 μM), Breckels et al. (2011) found no significant motile chemosensory response in O. marina (CCAP 1133/5). Why heterotrophic protists, phytoplankton and bacteria are attracted to DMS is not fully understood. One possibility is that bacteria may seek DMS and other organic molecules released by phytoplankton that can serve as bacterial growth substrates.
Another possibility is that herbivorous dinoflagellates are attracted to DMS to locate prey, although results from earlier experiments indicated that high lyase E. huxleyi strains deterred grazing by O. marina and several other herbivorous protists; however, the mechanism for this deterrence is unknown (Wolfe et al., 1997; Strom et al., 2003) . Our results suggest that one such deterrence mechanism might be the activation of DMSP-lyase enzymes in mechanically disturbed or damaged algal cells during attack by zooplankton and the resultant creation of a (transient) high DMS concentration in the phycosphere, as calculated by Wolfe (2000) . Such a large transient phycosphere DMS concentration may be the source of the grazing deterrence signal that protects high DMSP-lyase containing cells from zooplankton grazing (Strom et al., 2003) .
Algal-bacterial mutualistic interactions
Even though DMS can be used as a primary source of reduced carbon or sulfur to support the growth of some bacteria (Schäfer et al., 2010) , most bacteria closely associated with marine phytoplankton do not use DMS as a primary carbon or sulfur source. Rather, they oxidize DMS to DMSO as a supplementary source of ATP during growth on other reduced carbon substrates such as sugars (Vila-Costa et al., 2006; Boden et al., 2011; Green et al., 2011; Hatton et al., 2012) . Indeed, bacterial growth on sugars (glucose or fructose) was enhanced in the presence of DMS, and in a fructose-limited chemostat the ratio of additional dry weight of bacteria produced per mole of DMS oxidized to DMSO was 108 g mol −1 (Boden et al., 2011; Green et al., 2011) . Using an average dry weight of 45.2 fg for a 0.3 μm-radius bacterial cell (cell volume = 0.113 fL) (Simon and Azam, 1989) , each fmol of DMS oxidized to DMSO by the fructose-limited bacteria would support the production of 2.39 additional bacterial cells. For the dinoflagellate Gymnodinium nelsoni, which has a DMS production rate of 4.4 fmol cm −2 s −1 (Table 1 ) and a cell surface area of 6.1 × 10 −5 cm 2 based on its 22 μm cell radius and an assumed spherical geometry, the DMS release rate would be 2.67 × 10 −19 mol cell −1 s −1 or 2.31 × 10 −14 mol cell −1 d −1 . If we multiply this algal DMS production rate by the bacterial cell yield of DMS (2.39 bacterial cells fmol −1 ), the DMS released each day by G. nelsoni would support the production of 55 additional bacterial cells per algal cell, if all of the DMS was oxidized to DMSO. Even higher bacterial production rates would be expected in cells experiencing nutrient limitation or oxidative or mechanical stress, all processes shown to substantially increase DMS production rates in many algal species (Buma et al., 2000; Sunda et al., 2002; Wolfe et al., 2002; Bucciarelli and Sunda, 2003; van de Poll et al., 2007; Sunda et al., 2007; van de Poll et al., 2007; Sunda and Hardison, 2008; Bucciarelli et al., 2013) . Stressful conditions such as nutrient limitation, high light or mechanical disturbance (e.g., from breaking waves) are commonplace in the photic zone. For example, algal growth is limited by iron in 30% of the world's oceans, while growth in the oceans' vast subtropical gyres is often limited by an insufficient supply of nitrogen (Moore et al., 2013) . All of these stressors could lead to enhanced DMS release and large DMS enrichments and higher bacterial production rates. Phycosphere bacteria may not only benefit from algalderived DMS but also from a wide array of other organic molecules such as sugars or amino acids that serve as primary substrates for bacterial growth and are also enriched in the phycosphere (Mitchell et al., 1985) . Bacteria closely associated with phytoplankton can benefit the algal host by providing algal growth factors (e.g., the auxin molecule Indole-3-acetic-acid) (Amin et al., 2015), vitamins (e.g., vitamin B 12 ) (Croft et al., 2005) and photoactive siderophores such as vibrioferrin, which solubilize iron and enhance its uptake by the phytoplankton host (Amin et al., 2009) .
Our results highlight the importance of algal-derived DMS in algal-bacterial ecological interactions. They show that DMS concentration profiles in the vicinity of healthy and stressed marine phytoplankton cells may be sufficiently high and variable in the phycosphere under normal and stressed conditions to elicit signalling and mutualistic responses. Further experiments at environmentally relevant DMS concentration gradients in the nanomolar range surrounding phytoplankton species in the presence and absence of algal grazers and bacteria are critically needed to better constrain these potential ecological roles for DMS.
